We investigate opto-mechanical oscillation (OMO) and subsequent generation of acoustic wave frequency combs in monolithic crystalline whispering gallery mode (WGM) resonators. The OMO is observed in resonators made of electro-optic (lithium tantalate), non-electro-optic birefringent (magnesium fluoride), and non-birefringent (calcium fluoride) materials. The phenomenon manifests itself as generation of optical harmonics separated by the eigenfrequency of a surface acoustic wave (SAW) mechanical mode of the same WGM resonator. We show that the light escaping the resonator and demodulated on a fast photodiode produces a spectrally pure radio frequency (RF) signal. For instance, we demonstrate generation of 200 MHz signals with instantaneous linewidth of 0.2 Hz.
INTRODUCTION
Cavity opto-mechanics has attracted the interest of the research community engaged with cooling thermally excited random motion of mechanical modes of optical cavities. 1, 2 It is also of significant interest for generation of high quality RF signals by optical means. 1, 2 Until recently, the study of interaction of degrees of freedom of light fields and mechanical modes has been basically limited to bulk acoustic waves that are excited with an applied light field; these fields penetrate the bulk material of the optical cavity. It was recently pointed out that triply-resonant opto-mechanical interaction with surface acoustic waves (SAWs) is also feasible in monolithic whispering gallery modes (WGM) microresonators 3 where SAWs, themselves, form localized high-Q WGMs 4-9 ( Fig. 1 ). Figure 1 . Opto-mechanical experiments with whispering gallery mode (WGM) resonators involved interaction of a WGM with radial mechanical modes of the resonator. To create triply-resonant interaction, when two high-Q optical modes interact with a mechanical mode, one can use non-propagating high-frequency acoustical waves (Resonant Stimulated Brillouin Scattering) or a running acoustic waves, e.g. SAW. SBS frequency is fixed and determined by the crystalline lattice. SAW WGMs can have frequency scaling from several MHz to the SBS frequency.
Opto-mechanical interaction involving SAW WGMs was studied in detail in resonators made of amorphous material (fused silica). 10 As was noted, 11 crystalline materials can be more attractive for opto-mechanics since crystals support both high mechanical and high optical quality factors. In this paper we report on an experimental observation of opto-mechanical oscillation (OMO) 10, [12] [13] [14] [15] involving SAWs in crystalline WGM optical microresonators. We have shown that surface waves generated due to the optical oscillation are able to produce SAW pulses, and SAW frequency combs. 16 These SAW frequency combs can be imprinted on the optical carrier even if the spectral linewidth of the comb exceeds the bandwidth of the optical modes of the WGM resonator.
Initial opto-mechanical experiments involved a single optical mode and a low frequency mechanical mode ( Fig. 2 ). Mechanical frequency of microtoroids used in these experiments, 12, 13 is comparably small because of the low stiffness of the structure. Spherical WGM resonators were used to increase the frequency up to 1 GHz. 17 Further increase of the acoustic frequency was challenging because the Q-factor of the optical mode had to be low enough to accommodate both the pumping and the Stokes (red-detuned) light, and lowering the Q-factor results in a reduction of the interaction efficiency. The pumping laser frequency can be detuned far from the WGM resonant frequency in a way such that the optical mode accommodates the Stokes sideband (the resolvedsideband technique 18 ). However, the large detuning leads to a significant increase of the threshold optical power required for the oscillations to start.
A triply-resonant interaction with two optical modes and one mechanical mode, does not have such a problem ( Fig. 2 ). Frequency-independent interaction accompanied by the increase of the interaction efficiency is possible if the Stokes (anti-Stokes) light is scattered to a different high-Q WGM. 19 Triply-resonant opto-mechanical interaction was studied for the first time with regard to stimulated Brillouin scattering (SBS) in overmoded WGM resonators. 20, 21 Such an experiment requires resonators with specific spectrum, because generalized triplyresonant interaction is usually forbidden by phase matching conditions. In addition to this, since SBS frequency is basically determined by the properties of the resonator host material, the morphology of the resonator is of less importance for achievement of phase matching of the process. The cavity-enhanced SBS uses bulk, not surface, acoustic modes. Triply-resonant SAW opto-mechanics, discussed in this paper, provides flexibility for the generation of mechanical oscillation of any selected frequency from a few MHz to several GHz. Unlike SBS, there are multiple equidistant SAW modes in the resonator. Figure 2 . A schematic of mode structure of opto-mechanical interaction that involves single optical mode and single mechanical mode (the mechanical mode can be represented by the radial mode Fig. 1 ) versus mode structure related to the triply-resonant interaction (the mechanical mode can be created by a SAW propagating at the surface of the resonator).
SAWs are found in many physical systems, including the widely familiar seismic waves generated by earthquakes, 22 and elastic surface water waves. 23, 24 Unlike energy in bulk acoustic waves which propagates in the three dimensional body of the medium, the energy in SAWs is localized at the surface (Fig. 3 ). This localization concentrates the energy density promoting the onset of nonlinear acoustic interactions. 25 Examples of such interactions include distortion of frequency in resonance SAW devices, and generation of acoustic solitons.
High order SAW WGMs are nearly of shear nature. This makes them different from the mostly dilational modes (e.g. radial ones or compression WGMs in case of SBS 20, 21 ) used in the cavity acousto-optics. We use the interference of two optical WGMs to realize the phase matched interaction with the shear mechanical modes. This is in analogy with external excitation of SAW WGMs with the photo-acoustic effect of interference fringes scanned at the phase velocity of SAW. 26 Interference of optical WGMs creates an interference pattern at the surface of a WGM resonator. 27, 28 The efficient opto-mechanical interaction occurs when this pattern moves with the phase speed of the SAW. 3 This conclusion draws from the earlier predictions of efficient interaction of "slow light" and acoustic waves, when group velocity of light approaches the speed of sound. [29] [30] [31] In this work we report on our observations of efficient interaction of SAW and optical WGMs in monolithic WGM resonators made out of LiNbO 3 , MgF 2 , and CaF 2 . We show that the scattering is efficient: the generated opto-mechanically single acoustic tone creates, via acoustic four-wave mixing, mutually coherent acoustic frequency harmonics. In the time domain, the harmonics form a pulse train at the resonator surface. The pulse train modulates the coupling of the light and the resonator modes, upconverting the pulses to the optical frequency domain. 16 We also demonstrate that high spectral purity and comparably high power RF signals can be generated in the system due to the high efficiency of the triply resonant opto-mechanical interaction.
PHYSICAL PRINCIPLE AND EXPERIMENTAL SETUP
Interference of optical WGMs creates an interference pattern at the surface of a WGM resonator 27, 28 (see Fig. 4 ). The pattern is stationary if WGMs have the same frequency, but its speed (V g ) is nonzero if the frequency difference is nonzero. Two WGMs characterized with azimuthal numbers m 1 and m 2 and frequency difference Δω create an interference pattern moving with velocity
where R is the radius of the resonator, in accordance with. 27 The pattern can move both clockwise or counterclockwise depending on the geometry of the WGMs. The WGMs resonantly interact with the SAW WGM if its velocity matches the velocity of the SAW and Δω = Ω SAW , i.e.
More generally, the phase matching conditions can be written as m 1 − m 2 = m SAW (m SAW is the azimuthal number of the SAW WGM) and Δω = Ω SAW .
We pumped a selected mode of a monolithic WGM resonator with coherent light (Fig. 4 ). The frequency of the laser producing the pump was locked to a selected mode of the resonator. Stokes light was generated in the resonator when power of the pump exceeded certain threshold. We demodulated the light leaving the resonator on a fast photodiode and analyzed the generated RF signal using an RF spectrum analyzer and a fast oscilloscope. Not every selected WGM resulted in the opto-mechanical oscillation within the range of available pump power. We modified the spectrum of the resonator under study by adjusting the temperature of the resonator, or the voltage applied to the resonator top and bottom surfaces, to reduce the oscillation threshold and to tune the oscillation frequency. In the case of calcium fluoride resonator barely sensitive to both temperature and voltage we looked for an opto-mechanically active mode. (Fig. 2) , and (ii), the velocity of the beat note of running coherent optical waves confined in these two optical modes, Vg, approaches the phase velocity of the running sound wave confined in the mechanical mode, VSAW . Right: Schematic of the experiment. The WGM resonator is pumped with a continuous wave semiconductor laser self-injection locked to a selected WGM. The pumping light generates a SAW as well as Stokes optical WGM.
SAW WGM IN A LITHIUM TANTALATE RESONATOR
We used a WGM resonator fabricated from a Z-cut lithium tantalate (LiTaO 3 ) preform. 16 The resonator had 2a = 0.997 mm diameter and 0.1 mm thickness. We sent 2.3 mW of 1550 nm continuous wave light to a TE WGM mode (5 MHz loaded full width at half maximum, FWHM) and observed generation of Stokes sidebands having the opposite polarization generated in a TM WGM (4.3 MHz FWHM).
To achieve the opto-mechanical interaction we scanned the relative frequency between the TE and TM modes by applying a DC voltage to the top and bottom surfaces of the resonator. As the result of the experiment we observed opto-mechanical oscillations (OMO) at several well defined values of the DC voltage. To quantify the observed oscillation frequencies we introduced the light escaping the resonator to a fast photodiode (50 GHz bandwidth U2t) and an RF spectrum analyzer. The resultant spectrum centered around 880 MHz is shown in Fig. (5) . By measuring the frequency of the RF lines we were able to find the free spectral range (FSR) of the acoustic modes to be ν F SR = 1.05 MHz and the speed of the waves, given by V SAW = 2πaν F SR = 3.3 km/s, which corresponds to the tabulated SAW speed of the LiTaO 3 crystal.
The SAW WGM mode is unique since it is formed by a SAW tightly confined by the boundaries of the resonator, resulting in a very strong coupling with light. We experimentally identified the resonator surface area of the mode confinement. To do this, we touched the surface of the resonator with a polished, high optical quality, fused silica plate and measured the dependence of the power of the RF signal generated at the photodiode due to the OMO process using the strongest line in the manifold shown in Fig. (5) . The fused silica plate did not degrade the quality factor of the optical modes since its index of refraction is significantly lower than lithium tantalate. However, the plate suppressed the SAW at the resonator surface, resulting in the degradation of the observed RF signal. The results of the measurements, shown in Fig. (6) , clearly confirmed the hypothesis that the SAW WGM is localized in the vicinity of the circumference of the resonator.
SAW WGM IN A MAGNESIUM FLUORIDE RESONATOR
The OMO observed in LiTaO 3 resonator are not very efficient since the phase matching between the modes of the opposite polarization used in the experiment is incomplete, and the Q-factor of the resonator is not very high. We have repeated the experiment with a resonator made out of magnesium fluoride (MgF 2 ). The resonator was shaped as a spheroid with radius 2a = 2.4 mm and thickness 0.2 mm; and had Q = 3 × 10 9 loaded Q-factor, which ensured high efficiency of the opto-mechanical interaction. The resonator was glued to a substrate to suppress the volumetric mechanical vibrations. Only SAW WGMs survive in such a structure. We pumped the resonator with 1.7 mW of 1543 nm cw light. The laser was self-injection locked to a selected optical WGM.
In a WGM resonator with such an irregular shape there are no pure TE and TM modes. Modes belonging to, say, the TE mode family have a slight deviation in the direction of their polarization depending on their mode number. The crystal is anisotropic and, hence, the modes have different thermal sensitivity. By changing the ambient temperature it is possible to reconfigure the entire spectrum of the resonator. The process is less controllable compared with the electro-optical tuning of TE and TM modes in LiTaO 3 resonator; however, it allows finding two optical and a SAW WGM to excite OMO.
Sending the light escaping the resonator to a fast photodiode (50 GHz bandwidth manufactured by U2t) directly connected to a 50 Ohm input of a fast oscilloscope (Tektronix 300MHz) we observed generation of optical pulses shown in Figure 7 . Optical power at the input of the photodiode was 0.11 mW, which is far from the saturation power of 20 mW. Frequency of the generated RF signal was much lower than the bandwidth of the photodiode. Therefore, the measurement system operated in a linear regime and the pulses were originated from the resonator, not the measurement system. Generation of different waveforms was observed in the system when other optical modes were pumped and/or temperature of the resonator was changed (Fig. 8 ). Fourier transform of the pulse train (Figure 7 Left) reveals many equidistant harmonics separated by 67 MHz (Figure 7 Right). Note that the spectrum is significantly wider than the bandwidth of optical WGMs. In fact, the spectral width of a single harmonic is on the order of 150 kHz (Figure 7 inset (this is a long-term linewidth limited by thermal drifts). We have superimposed a Lorentsian line on the plot to show the spectral width of the optical mode. We consider Q-switching to be the reason for the pulse generation (see discussion in Section 6).
The observed nonlinear process depends on the temperature of the birefringent resonator since all three modes involved in the interaction have different thermal sensitivity. This dependence is illustrated by Figure 9 , where we have depicted the RF signal generated at yet another, 261 MHz, frequency. There was no Q-switching effect at this frequency since the SAW wavelength is much shorter than the interaction region of the coupling prism and the resonator.
When the resonator temperature is outside of a specific (25.4-25 o ) temperature range the 261 MHz RF signal disappears and can not be restored by changing the driving current of the semiconductor laser. We also verified that this particular process is not accompanied by Raman scattering or optical four-wave mixing, so the disappearance of the OMO signal cannot be explained by any additional nonlinear loss in the system. Change of the temperature results in mismatch of the triply resonant interaction, and in suppressing the oscillation. 
SAW WGM IN A CALCIUM FLUORIDE RESONATOR
Calcium fluoride is a homogeneous, non-birefringent material with cubic crystalline lattice. The structure of the optical spectra of WGM resonators made with calcium fluoride is barely sensitive to temperature changes (the spectrum shifts as the whole without relative mode motion when resonator temperature changes). To observe the OMO in such resonators we looked for a mode that had an appropriate "dual mode" able to support Stokes light generated during the scattering process (see 3 for a discussion).
We fabricated a 5.0 mm diameter WGM resonator out of (0,0,1)-cut CaF 2 cylindrical preform. The resonator had loaded Q-factor exceeding 10 9 (less than 200 kHz FWHM of the WGM). Power at the resonator input was approximately 11 mW, and the extinction ratio was 60%, so 6.6 mW of light entered the pumped mode. This resulted in the observation of 200 MHz OMO in the resonator.
The 200 MHz opto-mechanical oscillation signal was registered using a 40 GHz 50 Ohm photodiode coupled to a 300 MHz oscilloscope (Fig. 10Left) . Optical power at the photodiode connected to the oscilloscope was 0.3 mW after a 10 dB splitter placed after the coupling prism. The modulated light was also demodulated using a fast photodiode and the spectral quality of the generated RF signal was studied by an RF spectrum analyzer (Fig. 10Right) . We fitted the skirts of the 200 MHz RF signal with a 0.2 Hz FWHM Lorentzian line (red line in the plot). To perform the measurement we selected the following parameters of the RF spectrum analyzer: 100 kHz span, RBW/VBW=1, 1kHz RBW, 0 dB internal attenuation, -30 dBm reference level. Optical power at the photodiode connected to the spectrum analyzer was 1.5 mW. The photodiode was characterized with 0.65 A/W responsivity and 50 Ohm impedance.
We obtained a broad RF spectrum generated in the CaF 2 resonator. The light exiting the optically pumped resonator was sent to a U2t fast photodiode connected to a 26.5 GHz Agilent RF spectrum analyzer. The observed RF spectrum ( Figure 11 ) again was much wider compared with the full width at half maximum of any loaded mode of the resonator. Figure 11 . The RF spectrum generated at the fast photodiode by the light leaving the CaF2 WGM resonator. We selected 2 GHz span and 100 kHz resolution bandwidth in our RF spectrum analyzer. Video bandwidth was equal to the resolution bandwidth.
EXPLANATION OF GENERATION OF SAW FREQUENCY COMB
The optical harmonics observed in the experiment cannot be generated within an optical WGM. Only two high-Q optical WGMs (pump and Stokes) are involved in the interaction. There are no modes at the frequency location of the higher order optical harmonics. Apparently the harmonics are generated due to the modulation of the WGM coupling (Q-switching process) when the SAW passes the evanescent field coupler (Figure 4 ). 32 A monochromatic SAW cannot generate the observed wide spectrum, even if we take into account the nonlinear dependence of the coupling efficiency on the distance between the surface of the resonator and the coupling prism, d. Acoustic pulses must be formed at the surface of the resonator. This is possible since the SAW WGMs have equidistant spectrum and also are are produced with cubic nonlinearity. A monochromatic SAW is generated due to the OMO, and then becomes strong enough to generate an acoustic frequency comb via four-wave mixing. The process is similar to the optical Kerr frequency comb generation in monolithic microresonators 33 and complements the experiments on realization of microresonator based phonon lasers. 34 A more detailed theory of the phenomenon will be presented elsewhere.
CONCLUSION
We have demonstrated triply-resonant opto-mechanical interaction between two optical and one SAW WGMs. The interaction occurs in both symmetric and birefringent materials. The process takes place when the optical modes have either the same or orthogonal polarizations. The large magnitude of the SAW excited in the OMO process results in nonlinear generation of the SAW frequency comb leading to a Q-switching phenomenon, and generation of much shorter optical pulses than allowed by the intrinsic quality factor of the optical modes. The observed phenomena are promising for creation of extremely efficient and novel opto-mechanical systems.
